Abstract Calcium precipitation can have a number of effects on the performance of high-rate anaerobic performance including cementing of the sludge bed, limiting diffusion, and diluting the active biomass. The aim of this study was to observe the influence of precipitation in a stable full-scale system fed with highcalcium paper factory wastewater. Granules were examined from an upflow anaerobic sludge blanket reactor (volume 1,805 m 3 ) at a recycled paper mill with a loading rate of 5.7-6.6 kgCOD.m -3 .d -1 and influent calcium concentration of 400-700 gCa . m -3 . The granules were relatively small (1 mm), with a 200-400 µm core of calcium precipitate as observed with energy dispersive X-ray spectroscopy. Compared to other granules, Methanomicrobiales not Methanobacteriales were the dominant hydrogen or formate utilisers, and putative acidogens were filamentous. The strength of the paper mill fed granules was very high when compared to granules from other full-scale reactors, and a partial linear correlation between granule strength and calcium concentration was identified.
Introduction
A common application of high-rate anaerobic treatment is effluents high in both soluble carbon and calcium, such as paper mill wastewater (Lettinga and Hulshoff-Pol, 1991) . During the anaerobic process of methanogenesis from acetate to methane and carbon dioxide, carbonate ions are produced (via carbon dioxide), which can precipitate with calcium to form calcium carbonate (CaCO 3 ). These precipitates can have detrimental or catastrophic effects on reactor performance, caused by cementing of the sludge bed, decreases in diffusivity within the granule, and decreases in activity per volume due to dilution of biomass (Van Langerak et al., 2000) . Van Langerak et al. (2000) studied the impact of CaCO 3 precipitation on granular sludge in laboratory reactors (loading 13 kgCOD.m -3 .d -1 ) and found precipitates filled the granule rapidly and cementation occurred after 165 days at an influent calcium concentration of 780-1,560 gCa 2+ ·m -3 . Setting (cementing) of the sludge bed is probably one of the most catastrophic events that can occur in an anaerobic digester as the sludge is lost and the precipitate (cement) must be removed from pipes by scouring.
Three possible positions for precipitation have been proposed; in the bulk liquid, on the surface of the granule, or within the centre of the granule (if they have active centres). Van Langerak et al. (2000) proposed that in larger granules with diffusion limitations, precipitation in the centre of the granule was less likely. Van Langerak et al. (2000) applied results from four laboratory-scale reactors and mathematical modelling to indicate that growth occurred preferentially in the granule compared to the bulk liquid, when granule size was above 0.75 mm. Diffusion limitations caused by significant in-granule precipitation were thought to be serious as observed by in-granule channelling and granule flotation. Our study expands the work of Van Langerak et al. (2000) by observing the effects of precipitation in a full-scale upflow anaerobic sludge blanket (UASB) system from a recycled paper mill, with relatively stable granule characteristics. We also expanded the analysis to precipitate location within the granule, and other potential effects of calcium precipitation such as changes in microbial ecology, shear strength, settling velocity and size distribution.
Methods
Granule source. The system studied was a 1,805 m 3 full-scale UASB system designed by Enviroasia and operated by Visy Paper Limited (Murarrie, Brisbane, Australia). Loading rate was 5.7-6.6 kgCOD·m -3 with a sludge loading rate of 0.19-0.22 kgCOD·kgVS·d -1 . The influent contained 400-700 gCa 2+ ·m -3 . The major event in the operations history was cementing of the sludge blanket in June 1999, which required cleaning of the reactor and feed manifolds, followed by reseeding. Calcium inventory in the reactor has been managed since by wasting of sludge, upstream pH control and calcium precipitation. Granules were sampled as reported in Batstone and Keller (2001) .
SEM and X-ray microanalysis. SEM microscopy was done as previously reported (Batstone, 2000) , and energy dispersive X-ray spectroscopy (EDS) SEM samples prepared as for scanning microscopy except carbon not gold was coated and there was no osmium tetroxide step. The X-ray microanalysis was carried out in a JEOL 733 Microprobe operated at 15 kV and 15 nA.
Microbial ecology. The fluorescent in situ hybridisation (FISH) method of Batstone (2000) for analysis of microbial community structures was used with a total of 6 probes. The location and characterisation of acidogenic bacteria, acetogenic bacteria, hydrogen or formate utilising archaea and acetoclastic archaea was determined. The probes and their targets are shown in Table 1 . Probes were used both at optimal stringency (from references shown in the Methanomicrobiales Hydrogen utilising methanogens Raskin et al. (1994) 
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Methanobacteriales Hydrogen utilising methanogens Raskin et al. (1994) Bulk properties. Size distribution, settling velocity distribution, shear strength, VS, TS, and elemental analysis were analysed using methods described in Batstone and Keller (2001) except for elemental analysis, which was analysed using ICP-AES.
Results

Structure and ecology
The granules had a median size of 0.98 mm, with 95% of granules between 0.5 and 1.5 mm and they appeared largely disc-shaped. Structure as observed by SEM showed an outer layer 10-30 µm in thickness, which consisted of filamentous organisms and precipitates. An inner layer of 200-400 µm consisted of mixed organisms, cellular debris, inorganic particles and precipitates. In most cases there was a dense 200-400 µm diameter non-microbial centre, identified by EDS microanalysis as calcium precipitate. No organisms were observed in this region. Figure 1 shows the location of calcium, silicon (for reference, lighter areas indicate a greater concentration of the element), an SEM image, and a whole granule section hybridised with ARC915 (for archaea) and EUB338 (for bacteria) probes. Figure 1 demonstrates the calcium centre, which was also autofluorescent in the green excitation/red emission channel used to observe Cy3 fluorescence. The presence of 16S RNA determined by FISH was used to infer active organisms throughout the granule. Unlike other carbohydrate-fed granules observed by us, and others (Harmsen et al., 1996; Sekiguchi et al., 1999) , these granules had no biologically inactive regions throughout the granule except for the non-microbial centre. The microbial ecology is summarised in Table 2 while Figure  2 shows the location of organisms. Methanosarcina were not observed. As demonstrated in Figure 2 , arrowed at 3, an individual cluster of organisms binding the MG1200 probe for Methanomicrobiales is shown. These appeared to be the major hydrogen or formate D.J. Batstone et al.
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Figure 1 Calcium X-ray map (above left), silicon X-ray map (below left), SEM (above right), on the same granule and fluorescent in situ hybridisation with ARC915 and EUB338 probes (below right) on a different granule (same scale) utilising archaea. Thin filaments responding to the Methanobacteriales probe were observed entwined around putative acetogenic bacteria, but they were small, and could not be demonstrated together with organisms in the Methanosaeta and Methanomicrobiales groups, which responded strongly to the probes. The acidogens had a consistent, filamentous morphology, and were similar to the thermophilic acidogenic organisms of the green non-sulfur division observed by Sekiguchi et al. (1999) .
Bulk properties
Moisture content was 85% total drained weight while mineral solids was 32% total solids. While the mineral solids content was higher than granules observed previously (Batstone and Keller, 2001) , it is not nearly as high as seen in Van Langerak et al. (2000) . Elemental analysis indicated metals significantly different from previously analysed granules were calcium (7%) and titanium (0.23%). Titanium probably originated as titanium dioxide, which is a whitening additive in paper.
The median settling velocity distribution of the granules was 42 m·h -1 (95% of the granules had settling velocities between 22 and 110 m·h -1 ). Given the measured density of 1,070 kg·m -3 , the median theoretical settling velocity for that size distribution is 63 m·h -1 (95% of granules have calculated velocities between 24 m·h -1 and 103 m·h -1 ). Similarity between the theoretical and measured settling velocity would indicate the granules had a circular cross-section. The characteristic shear strength was 4.1 (method as for Pereboom, 1997) . This is three times stronger than any granules characterised in Batstone Pereboom (1997) . The additional data from this study also indicated correlation between calcium concentration and shear strength, and the data set was further expanded by analysing granules from a starch fed UASB reactor, a starch fed internal circulation (IC) reactor, and a confectionery factory fed UASB reactor (Figure 3 ).
Summary of differences of paper fed granules compared to previously studied granules
• Small size and narrow size distribution; median 1.0 mm compared to 1.5-2.0 mm in other granules.
• High spatial activity; most of the granule was active compared with those in Harmsen et al. (1996) , Sekiguchi et al. (1999) , and Batstone (2000) .
• Differences in ecology; clusters of Methanomicrobiales were observed as well as
Methanobacteriales. In other studies, organisms from the group Methanobacteriales have dominated (Harmsen et al., 1996; Sekiguchi et al., 1999) . Additionally, the acidogenic organisms appeared to be consistently filamentous.
• High shear strength; the characteristic strength measured was 4.0 compared to 0.5-1.0 in other granules.
Discussion
Effect of calcium on superficial structure. The most important and obvious effect of calcium on the structure of the granules was the core of calcium precipitates. The very small amount of calcium observed in the microbial portion of the granule indicated that most of the CaCO 3 precipitation occurred not in this region, but either in the core of the granule or in the bulk liquid. Precipitation in the core, compared to the bulk liquid could have been greater due to higher in-granule CO 3 2-concentration due to biological activity, or higher pH due to biological removal of organic acids. Precipitation in the bulk liquid could have been greater due to a higher crystal surface area or bulk liquid (compared to in-granule) calcium concentration. Because of CO 2 stripping, the CO 3 2-would probably have been lower in the bulk liquid. There are two alternatives for formation of the core. (a) The core formed prior to the granule. That is, the core formed first and acted as a nucleation site for granule formation. (b) The core formed after the granule. This means calcium steadily precipitated in the centre of the granule, displacing or incorporating less dense material. Figure 3 Characteristic shear strength vs calcium concentration for the paper processing wastewater, other granules analysed for this study and samples reported by Batstone and Keller (2001) . The trend line was fitted to the data excluding the confectionery and protein granules and follows the function y = 0.51x + 0.50
The best estimation of core size was achieved by fracturing of the granule and SEM imaging. This indicated the core had a relatively consistent size of 200-400 µm. This supports scenario (a), as progressive formation of the diameter of the core would result in a variety of core sizes in different granules. We also observed that the core varied in consistency from a sparse matrix through to a saturated, rock-like mineral. The core may have formed prior to the granule as an amorphous or very sparse CaCO 3 crystal, which acted as a nucleation site for granule formation. During granule growth, calcium probably precipitated within the core, where the crystal surface area was greater than in the microbial region (outer 200-400 µm). The finite granule lifetime produced by core precipitate capacity may help explain the relatively narrow size distribution since few granules were greater than 1.5 mm.
Effect of calcium on microbial ecology. The relative lack of inactive areas may be due to the small size of the granules, which is caused by the factors discussed in the previous paragraph. A small size was also one of the criteria Van Langerak et al. (2000) listed for maximising precipitation in the bulk liquid rather than in the granule; though the assumptions used in that model could be adjusted for the observed core precipitation here. In general, the small, filamentous morphology of Methanobacteriales (especially Methanobrevibacter) favours rapid substrate transfer between hydrogen producers and hydrogen utilisers, and the increased Methanomicrobiales numbers may indicate that this is of lesser importance (e.g. increased formate transfer).
Effect of calcium on bulk properties. Apart from obvious effects such as increased specific density and mineral solids, the most important effect was the high shear strength. Shear strength is important to reactor operation, as it directly determines the amount of microbial fines in the effluent as discussed in Batstone and Keller (2001) . This in turn strongly influences effluent particulate COD and TS. Calcium is an important cationic partner in the formation of extracellular polymeric substances (EPS, Schmidt and Ahring, 1996) . Magnesium (Mg 2+ ) is another potential partner, but no correlation between magnesium and strength was found. The quality of the correlation in Figure 3 is diminished by the lack of points above 0.3% Ca, and there were obviously other influences as shown by the high strength of the confectionary fed granules, and low strength of the protein fed granules. The protein fed granules probably had a low shear due to their sparse structure (Batstone 2000) , but we have no explanation yet for the high strength of the confectionery wastewater granules. Acidogenic microbial community properties would be expected to have an impact on shear strength, as they form the outer shell of the granule. However, of the two brewery fed reactors with statistically the same shear strengths, one had no putative acidogenic microorganisms (Batstone, 2000) . It is also interesting that the correlation in Figure 3 was unaffected by location of the calcium precipitates. In the cannery granules, calcium was distributed throughout the granule (data not shown), while in the paper mill fed granules it was concentrated in the core. Characteristic shear strength is most influenced by the strength of the outer layers.
Conclusions
The paper recycling UASB granules had a small size (1.0 mm) with a narrow size distribution. The core of the granules was 200-400 µm in diameter and consisted mainly of calcium precipitates. The rest of the granule was biologically active as determined by binding to RNA-directed probes, and had very few calcium precipitates. Because the core varied in consistency rather than size, it may have formed in the bulk liquid as amorphous calcium carbonate and subsequently acted as a nucleus for granule formation. As the granule increased in size, the calcium probably continued to precipitate in the core until saturation, after which scaling and granule deactivation may have occurred. A partial correlation was also found between calcium content (% Ca.TS -1 ) and characteristic shear strength. Granules from six full-scale reactors of varying operating conditions and designs followed a linear relationship between calcium and shear strength while two others did not. Location of calcium precipitates and microbial ecology appeared to have no additional effect on shear strength.
